Abstract: Synthesis, structure and characterization of the new sulfur monomer sulfinylbis[benzene-4,1-diyl(oxy-2-hydroxypropane-3,1-diylmethacrylate)] (SO.DM) and its photopolymerization with N-vinyl-2-pyrrolidone (NVP) are presented. SO.DM was obtained in the three-step reaction. In the first step, 4,4'-sulfinylbisphenol from 4-[(4-hydroxyphenyl)thio]phenol was obtained. In the second step the epoxy compound was synthesized. It was obtained in the reaction of 4,4'-sulfinylbisphenol with 2-(chloromethyl)oxirane in the two phases liquid/liquid system including organic and aqueous phases. In the third step, ring opening of the obtained diglycidyl ether was carried out with the use of methacrylic acid in the presence of triethylbenzylammonium chloride (TEBAC) as a catalyst. Structures of new compounds were confirmed by spectroscopic methods (FT-IR, 1 H and 13
Introduction
Dynamic development of modern technology requires preparation of new polymeric materials, testing their properties and use of non-waste technologies. The response to the above expectations can be photopolymerization. Moreover, high-speed photopolymerization has many other advantages, in particular: the possibility of conducting the process at ambient temperature, the use of the composition containing no solvent, easy control of the process, low power consumption and the production of materials with predesigned properties [1] [2] . A limitation of photopolymerization is possibility to cure only relatively thin layers due to absorption of light during its transition through the composition. The materials obtained in this way are used in dentistry, medicine, prosthetics, production of coatings for optical fibers, paints and varnishes [3] [4] [5] [6] [7] [8] [9] .
Dental materials, which are based on polyresins, are the most common UV cured fillings in dentistry [10] [11] . Multifunctional dimethacrylates (eg. bisphenol A dimethacrylate) are counted to be mostly used basic monomers [12] . They improve mechanical properties of fillings and are responsible for cross-linking. Detailed studies reveal that dental materials containing bisphenol A derivatives can pose health risks attributable to endocrine disrupting [13] . Nowadays, modern composite materials include monomers which are distinguished by their high biocompatibility like polyresins based on cyclic ethers, cyclic acetals and allyl sulfides [14] [15] [16] . Derivatives of bisphenol A dimethacrylate should rather be used for preparation of UV-curable lacquers or coatings [17] [18] .
As opposed to bisphenol A dimethacrylate, the newly obtained compound contains benzene rings separated by the sulfinyl group (-SO-). The group contained in copolymer can improve flexibility (less crosslinking of the system), reduce the probability of polymerization shrinkage and improve biocompactibility [19] [20] [21] . NVinyl-2-pyrrolidone was used as a co-monomer because it is non-toxic and also has exceptionally good solvent properties.
In our previous articles, new polar tetrafunctional methacrylate monomers and their applications in the synthesis of porous microspheres were described [22] [23] [24] [25] [26] . Current research is aimed at obtaining new copolymers in the form of UV-curable compositions and complete studies of them.
In this article, synthesis of sulfinylbis[benzene-4,1-diyl(oxy-2-hydroxypropane-3,1-diylmethacrylate)] (SO.DM) and its photopolymerization with N-vinyl-2-pyrrolidone are presented. As this compound is solid at room temperature, in its polymerization reactive diluent N-vinyl-2-pyrrolidone has been applied. As a photoinitiator the 2,2-dimethoxy-2-phenyl-acetophenone (Irgacure 651) was used. Structures of the new obtained compounds were confirmed by spectroscopic methods (FTIR,   1   H and   13 C-NMR, DIP-MS). Thermal and dynamo-mechanical properties of the obtained copolymers are investigated.
Results and discussion
The chemical structures of sulfinylbis[benzene-4,1-diyl(oxy-2-hydroxypropane-3,1-diylmethacrylate)] (SO.DM) with N-vinyl-2-pirrolidone and the scheme of their copolymerization are shown in Figure 1 .
SO.DM is a new aromatic multifunctional methacrylate monomer, which readily undergoes copolymerization and gives highly crosslinked products. Chemical structures of all newly obtained compounds were fully confirmed by spectroscopic methods.
FT-IR Spectroscopy
The FT-IR spectra of the new monomer SO.DM and its precursors SO.EP and SO are presented in Figure 2 . In the spectrum of SO, the aromatic skeletal absorption is observed at 1601 cm - give signals at δ = 3.990-4.052 and δ = 4.316-4.372 ppm whereas proton in the hydroxyl group (-OH) at δ = 3.303-3.410 ppm. Protons near the double bond (-CH=CH 2 ) give signals at δ = 5.565-5.623 and δ = 6.110-6.168 ppm. Signals from protons in the methylene groups (-CH 3 -) are given at δ = 2.911-2.960 ppm. C NMR spectra of SO, SO.EP and SO.DM, respectively. All spectra show a set of peaks at 38,7-40,4 or 76.7-77.6 ppm. These peaks come from the solvents (DMSO or CDCl 3 ), and they can be neglected in the spectra in question. In the spectrum of SO four peaks are visible. The signals at 116.1, 126.4, 135.5, and 159.8 ppm come from four different types of carbon atoms of the aromatic ring.
In the spectrum of SO.EP seven peaks are visible. Carbon atom in the terminal methylene group (-CH 2 ) gives signal at 44.6 ppm, in the methylene group (-O-CH 2 -) connected with oxygen at 68.9 ppm, and carbon of epoxide group (-CH-) at 50.0 ppm. The signals at 115.5, 127.9, 137.7, and 160.9 ppm come from four different types of carbon atoms of the aromatic ring. 
DIP-MS
Chemical structures of SO.DM and its precursors SO.EP and SO were also confirmed by the DIP-MS analysis. As their spectra are not available in the literature, identification was achieved by analyzing molecular and fragmentary ions. In the spectra presented in Figure 4 , the molecular ions corresponding to the calculated molecular weights of 4,4'-sulfinylbisphenol (234), 2,2'-[sulfinylbis(benzene-4,1-diyloxymethanediyl)]dioxirane (346) and sulfinylbis[benzene-4,1-diyl(oxy-2-hydroxypropane-3,1-diylmethacrylate)] (518) are well visible.
Moreover, a large number of fragmentary ions are also present. The most important ones are identified and marked on all spectra.
Polymerization shrinkage
Polymerization shrinkage is still a major course of block copolymers synthesis. In particular, in dental materials, high polymerization shrinkage is a big problem. The reduced polymerization shrinkage would lead to minimization of the deleterious effect of shrinkage on the clinical performance of composite materials [14] . The properties of liquid compositions are given in Table 1 . Comparing the results tabulated, it can be seen that the new copolymers exhibit curing shrinkage which decreases from 8.3 % for the NVP:SO.DM (0.75:1) copolymer to 6.2 % for the NVP:SO.DM (2:1), respectively. The obtained data are similar or lower than those of commercially obtained dental materials [10, 28] . 
Fig. 4. DIP-MS spectra of SO (A), SO.EP (B) and SO.DM (C).

Tab. 1. Polymerization shrinkage of the obtained compositions.
Ratio
Properties of the cured compositions
The data obtained from the mechanical properties studies are presented in Table 2 .
With the increase of NVP concentration, the mechanical properties of the copolymers are lower. The decrease of breaking stress, Young moduli and hardness are observed. An increase in relative elongation at break is noticeable only for those copolymers which are characterized by a smaller degree of crosslinking. Analyzing the data in Table 2 , it can be seen that larger share of difunctional monomer (NVP) reduces the crosslinking density of the prepared copolymers. This tendency gives clear evidence how important for the copolymers properties, is the quantity of the difunctional monomer used. 
DMA
The DMA analyses in the glassy state and in rubbery region were done to define how different parameters influence on the polymers network [29] . Regarding the data in Table 3 , it can be seen that storage modulus and T max for loss modulus decrease with the increasing share of NVP. Observing the linear course of storage modulus graph (absence of peak from the crosslinking), one can conclude that the high degree of vinyl groups conversion is observed. With the increase of NVP concentration, growing heterogeneity of the copolymers is visible. For the NVP : SO.DM (1:1, 1.5:1, and 2:1) ratios, two maxima of tan at 111. 8 
Thermal properties
Thermal stabilities and degradation behaviours of SO.DM/NVP compositions were examined by means of thermogravimetric analysis [30] . The parameters obtained from the TGA and DTG measurements are presented in Table 4 and Figure 6 . Tab. 4. Thermal stabilities of the studied copolymers. The first decomposition peak is associated with the removal of water (high hygroscopicity of the polymer associated with the presence of basic nitrogen), the second with the removal of poly(N-vinyl-2-pyrrolidone), and the third is associated with the maximum polymer decomposition of volatile components. Generally, one can conclude that the obtained copolymers have good thermal resistance.
Ratio
Conclusions
The use of aromatic multifunctional methacrylate monomer in the photopolymerization reaction with difunctional monomers can be an effective and productive method in preparation of highly crosslinked products.
Taking into account the existence of high reactivity methacrylic groups and sulfur heteroatom,sulfinylbis[benzene-4,1-diyl(oxy-2-hydroxypropane-3,1-diylmethacrylate)] is a very interesting crosslinking monomer. It can be potentially used for the synthesis of specific polymeric adsorbents as well as preparation of composites which can interact with hydrophilic filling materials.
Experimental
Materials N-Vinyl-2-pyrrolidone, 2,2-dimethoxy-2-phenyl-acetophenone (Irgacure 651) were from Fluka AG (Buchs Switzerland). Methacrylic acid, 4-[(4-Hydroxyphenyl)thio]phenol were obtained from Merck (Darmstadt, Germany). Reagent grade: hydrogen peroxide 30%, acetic acid, sulphuric acid, propan-2-ol, sodium hydroxide, 2-(chloromethyl)oxirane and hydroquinone were from POCh (Gliwice, Poland). Triethylbenzylammonia chloride (TEBAC) was prepared in our laboratory.
Preparation of 4,4'-sulfinylbisphenol (SO)
In a 500 cm 3 round bottomed three-necked flask equipped with a mechanical stirrer, a thermometer and a dropper, 0.1 mole 4-[(4-hydroxyphenyl)thio]phenol was placed together with 50 mL of acetic acid, and 4 drops of H 2 SO 4 . Next, at room temperature 11.3 mL 30% solution of H 2 O 2 was placed with 20 mL of acetic acid and instilled for 3 hours. The reaction was carried on for 50 hours; 4,4'-sulfinylbisphenol was crystallized from acetic acid (m.p. 208-209 o C, yield of reaction = 77 % ).
Preparation of 2,2'-[sulfinylbis(benzene-4,1-diyloxymethanediyl)]dioxirane (SO.EP)
In a 500 cm 3 round bottomed three-necked flask equipped with a mechanical stirrer, a thermometer and a dropper, 0.1 mole 4,4'-sulfinylbisphenol was placed together with 1 mole of 2-(chloromethyl)oxirane, 0.75 mole of propan-2-ol and the whole content was heated for 0.5 h over a water bath at 70 o C. At this temperature NaOH solution (catalyst) was added to the stirred mixture into 10 min. Next, another portion of NaOH solution was added and stirring was continued for 5 minutes. When the reaction was over, the content of the flask was placed into the dropper. The water layer was separated along with sodium chloride in it, and the organic layer was distilled at low pressure in order to separate 2-propanol and the excess of 2-(chloromethyl)oxirane. The obtained epoxide compound was filtered off. The yield of the reaction was c.a. 98.5 %. The epoxide number of SO.EP was close to the theoretical value.
Preparation of sulfinylbis[benzene-4,1-diyl(oxy-2-hydroxypropane-3,1-diylmeth acrylate)] (SO.DM)
The reaction between the epoxide groups of SO.EP and the carboxylic ones of methacrylic acid went on at 100 o C. The synthesis was carried out in a 500 cm 3 round bottomed flask equipped with a thermometer, a mechanical stirrer and a heater. In such a flask 0.5 mole of SO.EP, 1 mole of methacrylic acid, triethylbenzylammonia chloride TEBAC (a catalyst), and hydroquinone (polymerization inhibitor) were added. The progress of the reaction was controlled by determination of the acidic number. The reaction was considered to be over when the acidic number was below 3. Its rate is higher when it carried out at higher temperatures but a considerable exothermic effect can result in losing control of the reaction and appearing of some products of darker colour (yield of reaction = 98 %).
Chemical structures of the new monomers were confirmed by spectroscopic methods.
Preparation of compositions and their photopolymerization
The compositions consisting of a SO.DM, NVP, and an initiator (Irgacure 651) were obtained. The compositions of the following weight ratio of SO.DM to NVP were prepared: 1:0.5, 1:0.75, 1:1, 1:1.5, 1:2. In their preparation, constant concentration of the initiator was applied. Each composition was placed into a form to fill it. The form consisted of two glass plates, each of them of 3 mm in a diameter, and a distance of 4 mm. The glass plates were covered with a thin layer of anti-adhesive grease. After the composition was placed, the form was screwed up and left to get deaerated in the desiccator chamber. After cooling down to room temperature, the compositions containing Irgacure 651 were placed inside the irradiation chamber where they were exposed to UV light with two mercury lamps of 500 W each. It was found out that the most suitable time of radiation was 30 minutes and such a time was observed during the polymerization of every kind of composition. To study mechanical properties of the cured compositions special stripes were prepared.
Characterization
The FT-IR spectra were obtained using a FT-IR spectrophotometer (Perkin-Elmer 1725X). The Mechanical properties were determined in an extension using a Zwick Roell testing machine (model Z010, Germany). Specimen dimensions were (120 ± 0.2 mm) x (10 ± 0.2 mm) x (4 ± 0.2 mm). Measurements were carried out at room temperature with a crosshead speed of 2 mm/min.
Hardness was determined by a Shore apparatus.
The volume shrinkage of photopolymerized samples was determined from the following relation [27] : C, an average of three measurements was taken. Densities of the copolymers (d polymer ) were measured according to the methodology described in Ref [27] . For each copolymer three specimens were tested and a mean value was taken as a d polymer .
